10. Konjugaty peptidu a proteinu



Konjugace je chemicka strategie jak vytvorit

stabilni kovalentni ¢i nekovalentni vazbu mezi dvéma molekulami.

Biokonjugace, je konjugace kdy alespon jedna z molekul je biomolekula,

tzn., peptid, protein, nukleova kyselina, lipid, sacharid atd.

Bioconjugate
Chemistry

CHEMISTRY OF
BIOCONJUGATES
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Kovalentni biokonjugace

(kovalentni vazba, sdileni elektronového paru, 100-400 KJ/mol)
(nekovalentni vazby do 60 KJ/mol)

Nahodilé, tj. modifikace na vice mistech. Casto mohou vést ke ztraté

biologické aktivity biomolekuly.

Specifické, tj. modifikace pouze jednoho mista v biomolekule.
Moderni metody tzv. bio-ortogondlnich konjugaci jsou ¢asto

vysoce specifické a zachovavaji bioaktivitu.

Kovalentni modifikace ¢lenime hlavné podle toho

na jakou reaktivni chemickou skupinu je cileno, tzn. amin, karboxyl, aldehyd atd.



Modifikace karboxylové skupiny
Substituci na methyl
je mozno vnést dalsi

Esterifikace diazoalkany skupinu
o) o 7 O\ o)
¥y \O © - CH
R)J\H 2CNN‘—RJ\O HCNN—’R)J\O/3+N2

Diazometan Diazonium

Nejprve diazomethan nukleofilné napada karboxyl a odtrhne proton,
pak nasleduje nukleofilni atak karboxylatu na diazoniovy kationt nasledovany alkylaci.

Hnaci silou reakce je formovani dusiku, ktery je skvélou odstupujici skupinou.

CHN, O

PDAM

CHN,

ADAM

Fluorescencni derivaty diazomethanu
pouzivané napf. pro znaceni mastnych kyselin.
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Diazometan Diazonium

Diazald V chemii oblibena reakce pro pripravu methyl

4-methyl-N-(p-tolylsulfonyl)nitrosamide ester&, diazometan je ale vy'/buém'/
pro pripravu diazomethanu.

Laborartorni pfiprava diazomethanu

Condenser

Alecholic KOH .

J? ,

Z::—'H*““;? Diazald soin. Dry Ice Bath f
5, O F2
g Acetic Acid
i Water Bath
He Diazometan v Et,0
Hot Plate/ Sleel Thermas

Stirrer




Aktivace karboxylu pro reakci s aminy a alkoholy

o)
R)J\OH > R)J\X
\ O

t  HO-R, R)J\ R, Estery

o
X je aktivacni Cinidlo, pro biokonjugace obvykle pouzivame karbodiimidy

Nejcastéji pouzivanym karbodiimidem pro biokonjugace je vodorozpustny EDC (¢i EDAC)

N=C=N /

o \_’/\/N._.-H lef.l

0
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OH - O)‘\o NH 0
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Unstable reactive Q
O-acylisourea ester
/N
Sulfo-NHS
7
O=5—¢
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& N &\O
O
Amide linkage Semi stable amine reactive

NHS Ester



Modifikace karbonylové skupiny

Aldehydy a ketony jsou dobrymi elektrofily, takze dobre podléhaji nukleofilnim adicim

s nukleofily, jako jsou aminy, hydrazidy i hydraziny.

H
® @
O H © HN-Re  Ho  NHR,
] )J\ )l\ _ hemiaminal
Konjugace R™ "Ry (H) R™ "Ry (H) R™ "Ry (H)
reduktivni aminaci aldehyd kyselé
¢i keton prostredi -H,0
Redukeni
Cinidlo
NHR NHR
/k 2 ¢ ® 2 nestabilni imin
stalyamin  R™ "Ry (H) R™ “R'(H) Schiffova baze

Glukoza je aldoza
Ho~ &w o&%o

Pfiklad pouZiti reduktivni aminace poloacetal
pro biokonjugaci sacharid(l a proteind (hemiacetal) “H,0 w protein
HO HO 5
o o—Lon AAQAN on MR
Ho&w N %/
HO HO
HO—™ "o % NaBH,CN Ho

Diabetické patie



Konjugace tvorbou hydrazont a hydrazind, asi nejstarsi metoda biokonjugace

acyl hydrazid L
R (z kyseliny a hydrazinu) \DN&__) [ N

( DN
x\_\____;’__) G ‘]l
O o, Ura  HN{ J\- 0 o, Ura Bylo nutné redukovat
dle bf . ¥ Popiid nestaly meziprodukt
umeéle pfipraveny =
acyl hydrazon
aldehydicky derivat \j’\ NaBHLCN ) yl hy
i ~ O O O O N ol :
oligonukleotidu I S H redukeni &inidlo I P NN N~ NH-Peptid
O=pP— O=pP— H y
L!} (I:I 0 DNA~ ' Redukce
— ey stabilni redukovany ’
(ENAD Chap acyl hydrazid

Konjugace Mannichovou reakci, 3-komponentni kondenzace, spojeni peptidu a proteinu

(2-4 mM) i, phosphate buffer, pH 6.5,
37°C,24h
O ) =
ii. 100 mM HONH.,
J\ H phosphate buffer, pH 6.0
, hydroxylamin
Tyrosine (20 mM) )
Residues formaldehyd PPN on
(50 mM protein) @) HoNH, u’©/\/
acetal H/ hydroxylamin



Konjugace tvorbou oximu, pouzivana pro glykosylace peptidd, ¢i jinych latek

O
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Konjugace Morita-Baylis-Hillman (MBH) reakci, probiha ve vodeé,
vhodna pro tvorbu multifunkcnich konjugat

akrylat
O

cukr || (3 equiv.) | "
DABGD (1 equw}

PBS buffer, 40 °C

(-

Q

katalyza aminem DABCO [ﬁb

Oligosaccharides

Fluorescent probes/affinity tags

Fluorescent probes/Peptides/Proteins



Modifikace aminoskupiny

H H

R

Diky volnému elektronovému péru na dusiku jsou aminy (Lys, N-konec), a zvlasté ty primarni,
vybornymi nukleofily a dobre reaguji s elektrofily v alkylaénich a acylacnich reakcich,

napf. s halidy (R-X), isokyanaty (-N=C=0) a isothiokyanaty (-N=C=S).

napf. fluorescencni Cinidla




Functional
moiety

_— - Conjugate

Functional Moiety

Conjugate

O=C=N—C2D

Isocyanate

S=C=N—<__"D>
Isothiocyanate
0

A

Active esters

(X = NHS, TFP, STP, SDP)

I
Cl— ﬁ—(:)

0
Sulfonyl chloride
o} (0]

(0]
Carbonates
NH,*
HLCO
Imido esters

Q

A=

Epoxide

0]

H Il H
CB—N—C—N—
Isourea linkage
S
H Il H
CB—N—C—N—D
Isothiourea linkage

H
)—N—C—D>
Amide linkage

O
B—H——

Sulfonamide linkage

0
LI)—N—C—0—

Carbamate linkage

Amidine linkage

OH

@

Secondary amine linkage

Konvencni ¢inidla pro kovalentni modifikaci amin(

o]
c:)/’ILO—x

(Active ester)

4 - %QSOB- —E—@—SO;{

4 F
NHS ester TFP ester STP ester SDP ester

Priklady pouZivanych aktivnich ester(



Modifikace thiolove skupiny

V proteinech jsou malokdy pfitomny volné SH skupiny, ale mohou byt inkorporovany uméle.

SH SH 5—38

HOOC NH; HOOC
O._OH
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Thioly jsou nukleofilni a vyborné reaguiji s elektrofily

0
iN—R'
0]
Maleimides 0
> <»—S
N—R'
0
|\)J\ _R' 0
N
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Thiolate H

Arylating agents

RN

Aziridine NH2




—~SH

Vymeéna disulfidi

Disulfide
. interchange i N
L)
S X
® s

Pyridyldithiol reagent

pH =6.5-7.5 ./

S g . m

Pyridine-2-dithione

A =343 nm
Jeho vznik mize slouzit k monitorovani konjugace



Modifikace hydroxylové skupiny

R-OH skupina je v biologickych materialech velmi ¢asta (Ser, Thr, Tyr, cukry, nukleotidy atd.).
Je relativné malo nukleofilni, coz Cini jeji modifikace obtiznymi, zvlasté ve vodé.

Je tfeba hydroxyl aktivovat.

Konjugace aktivaci hydroxylu na karbamat pomoci vhodného aktivdtoru

Nu: obvykle amin

Activating o
OH agents OA D X _ Jj\
3 - (@ o = L
Active
intermediate Carbamate

linkage

Aktivujici 1atky (A)

0]
/Cu)\ 0 3\\ O 3\ b
N NN cl o—N
N \,_,;’ \Q/ QM 0] ilﬂ 0] I
0 o}

‘ . ?DI N-Hydroxysuccinimidyl DsSC
N, N*-karbonyldiimidazol chloroformate N,N‘-disukcinimidyl karbonat



Modifikace fenolického hydroxylu, obvykle Tyr, bud” na OH nebo do polohy ortho

reakce s diazoniovymi solemi

reakce s cyklickym

' AN,® | pHO.2h diazokarboxamidem
B Mannichova reakce J(
N

o C v Sirokém rozmezi pH
OH [ N—@
OH
jo ! o T el

N pH6.5, 18 h o

_ : A

NH, aq buffer, pH 2-10, ]
q@ L

O
o 3
TPPTS Pd(OAc),, TPPTS /
trifenylfosfin trisulfondt sodny D ph 8.6, 45 min (NH,)5Ce(NO3)g

ph6,1h

reakce s katalyzatory

L £ o
Major product 0

°= e.g. PEG, peptide, biotin, fluorophore




Nativni chemickeé ligace
1953 Theodor Wieland: Val-CO-S-R a Cys reagovaly na Val-Cys (reakce aktivniho esteru s aminem)

1990s Stephen Kent ve The Scripps Research Institute vyvinul "Native Chemical Ligation (NCL)“
na stejném principu a aplikoval ji na ligace nechranénych peptidovych fragmentu a syntézu proteint

Trans- - R-SH (O

thioesterification i

H,N
Intermediate thioester

Pfedpokladany mechanismus

(P. Dawson et al, Science 266, 776, 1994) Intramolecular
addition of
amine

SH B ]
Elimination
-
) . Overall: S-N
Native amide bond acyl transfer

Five-membered Qs
“ring intermediate

V jadru se jedna o chemoselektivni a regioselektivni transthioesterifikaci a poté S-N acyltransfer
které probihaji ve vodé. Reakce je ale dost pomala a ma i vedlejsi reakce.

Nativni chemické ligace jsou obecné limitovany chemickou syntézou C-koncovych thioesterd.



S. Kent at al., Fully Convergent Chemical Synthesis of Ester Insulin: Determination of the High
Resolution X-ray Structure by Racemic Protein Crystallography. J. Am. Chem. Soc. 2013, 135, 8,
3173-3185
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Varianta nativni chemické ligace

Tam et al., PNAS 92, 12485, 1995

R ~ _SH /
O Same steps as in NCL

Native amide bond



,Crosslinking” Cinidla pro biokonjugace

Jedna se o kovalentni spojeni dvou ¢i vice molekul pomoci néjakého specifického Cinidla,

ktera mohou byt homobifunkéni ¢i heretobifunkéni podle toho na jaké reaktivni skupiny cili.

fee g

m dveé stejné skupiny

Functional group Functional group

dvé rizné skupiny

Functional group Functional group
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Homobifunkcni Cinidla

Maji dvé stejné reaktivni skupiny a jsou to obvykle symetrické molekuly.
Reakce probiha obvykle v jednom kroku.

Reakce jsou Casto provazeny polymerizaci a self-konjugaci, kterym se neda zcela zabranit.

Homobifunkéni €inidla pro aminoskupiny jsou obvykle imidoestery nebo NHS estery.

Pozor aby v pufru nebyl Tris Ci glycin.

HN y
OCH
)ook OfN\"/\F‘ +  CHLOH
R
N

Imidoester

O_..--"NHE
pH>7
Amine-containing \ 0
biomolecule O #_H
Q O R * N

)I\ . HO

R o 0O O

NHS-Ester © Amide linkage N=hydroxysuccinimide

H Konjugat ale neni pfili§ staly
pH = 8-10 Amidine linkage  pfi vysokém pH.



Homobifunkéni Cinidla pro aminy na bazi imidoesterd.
Reaguji obvykle rychle pfi pH 10, jsou vodorozpustné, ale nestabilni.

Chemical Structures, Names, and
Abbreviations

Characteristics/Applications

NH,CI

HyCO OCH,

NH,CI
Dimethyladipimidate hydrochloride
(DMA)

NH,CI NH,CI
H,CO OCHgy
Dimethylpimelimidate hydrochloride

(DMP)

NH,CI
OCHjg

NH,CI

HsCO

Dimethylsuberimidate hydrochloride
(DMS)

NH,CI

Haco\[(\,S.S,\)Lcm3

NH,CI

Dimethyl 3,3'-dithiobispropionimidate
hydrochloride

(DTBP)

Six-atom spacer arm

Noncleavable

Water soluble

Reacts rapidly at pH 8-10

Reversible at high pH values

Retains charge character

For study of quaternary structure of proteins

Seven-atom spacer arm
Noncleavable

Water soluble

Reacts at pH 8-10
Reversible at high pH values
Retains charge character

Eight-atom spacer arm
Noncleavable

Water soluble

Reacts at pH 8-10
Reversible at high pH values
Retains charge character

Cleavable, membrane permeable

Water soluble

Reacts at pH 8-10

Cross-linking can be reversed with reducing
agents (DTT)

Net positive charge at physiological pH
Stabilize protein—protein interactions




Homobifunkéni Cinidla pro aminy na bazi NHS-ester.
Reaguji obvykle rychle pfi pH 10, jsou vodorozpustné, ale nestabilni.

Chemical Structures, Names, and Abbreviations Characteristics/ Applications

e} 0 — Noncleavable (o] Four-carbon spacer arm
a Q — Water insoluble @ OH a Cleavable by periodate oxidation
N 0 WO' }P — Reacts at pH 7-9 N ‘owo'ﬁ Partially soluble in water
o a — For biomarker analysis o oH O Reacts at pH 7-9

Disuceinimidyl glutarate (DSG)

— Capture of protein interactions on
protein array surfaces

e}
Disuccinimidyl tartrate (DST)

Sulfo-DST analog also available and
more water soluble
Study of protein—lipid complexes

o] o o 0 — Eight-carbon spacer arm
— Membrane permeable R _ DTSP or DSP: Lomant’s reagent—Eight-atom
g’DJ‘[CHzJS)\D':‘%} — Noncleavable 0 o R=Hor SOaNaO Q R spacer arm
o] o — Reacts at pH 7-9 (PBS buffer) N J\ /]\ Membrane permeable
Disuccinimidyl suberate (DSS) — Need to dissolve in organic solvent 07 N(CHars-s-CH)y 07N Reacts at pH 7-9 (PBS buffer)
(DMF or DMS0) Disulfide bond can be cleaved by reducing
NaO3S — Intracellular conjugations R=H, 3,3dithiedipropionic acid agents at pH 8.5

S0;Na
(o] o o 0 3
N, OJI\ (CH zls)l\o' N
o 0

Bis(suliosuccinimidyl) suberate (BS%)

— Protein interaction studies
— Membrane impermeable
— Water soluble

— Noncleavable

— Proteomics applications

difNs=hydroxysuccinimide ester (DTSP)

R=503Na 3,3'dithio-bis-(3-sulfo-
N-hydroxysuceinimidyl propionate)
disodium salt (DTSSP)

Spacer arm can be cleaved with 3%
beta-mercaptoethanol

DTSSP: same as above except
Membrane impermeable

Water soluble

Cell-surface cross-linking possible

(o] o Q - Flexible PEG spacer arm
gr JOL A N — Trreversibly cross-linking R o R =H or SO;zNa 12-atom spacer arm
o 07 "CHrHy (GCHACHa) 5 O ; - gzg: ts at pH 7-9 ides i dw o} 0 0 EGS is water insoluble

o - TELr Spacer arm provides mnerease waler N'DJ\/\rO“‘/“OJ\‘/\rO'N Cleavable by hydroxylamine at pH 8.5
Bis({succinimidyl) penta (ethyleneglycal) Eﬂgbd‘;}'{ stability o a 0 0 R for 3-6 h at 37°C
- uced immunogenicity o Sulfo-EGS is water soluble
BS-(PEG)s — Ideal for small molecule or peptide R=H, Ddi.(N-El.JCC:ﬂ i}lﬂzggée}'fhlﬂene glycol Reaction conditions same as EGS
L isuccinate
o o conjugations R Both used for study protein interactions and
o o — Excellent for cross-linking cell surface R=S0,Na Ehyleneglycol bis-(3-sulfo- large protein complexes
N & L N proteins to stabilize protein interactions N=hydroxysuccinimylsuccinate)

"07 TCHyCH; (O-CHCHy) "O" disodium salt (Sulfio-EGS)

o 0 R=HorSONa ¢ R BSOCOES is waler insoluble
Bis(succinimidyl) nona (ethyleneglycol) S 0.0 I's} o Cleavable by base a PH 8'? for 2hat 37°C
BS-(PEG) R N "‘-/“ﬁ’;_/\olo,m Sulfo-BSOCOES is water soluble
s o o] o o Both used for studying cellular and subcellular

R=H, Bis[2~(succinimidylcarbanyloxy) distribution of the type II vasopressin receptor

ethyl] sulphone (BSOCOES)

R=SO,Na Bis[2-(sulfosuccinimidylcarbonyloxy)
ethyl] sulphone (sulfc-BSOCOES)




Homobifunkéni ¢inidla pro thioskupiny, obvykle maleinimidy (a), jodoacetyly (b) ¢i pyridyldisulfidy (c).

Pro konjugaci thiolll je vidy nutné odstranit

vSechna redukcni Cinidla.

Pfiklady maleinimidd.

ii‘ii e

Chemical Structure, Name, and Abbreviation

Characleristics

(8] 0 n =2, 1,2-bis-maleimidoethane (BMOE)

gN‘iCH " n=4, 1,4-bis-maleimidobutane (BMB)
2in
0 0O  n=8, 1,8-bis-maleimidohexane (BMH)

o 1,B=bis=maleimidotriethylene
q"”"ﬂ’“‘f ~N ﬁ glycol (BM({PEO),)

O O
aﬁvo ~0 Mﬂwﬁ
o

0
1,11-bis-maleimidc-tetraethyleneghlycol (BM(FEQ)5)

Q O
&MQMOWGM b

s} 0
1,13=bis=maleimido=4,7,10=trioxadecane (EM{PEO=FFPO);)

O,
[w] OH
N

OH o

1,4-bis-maleimidyl-2, 3-dihydroxybutane
(BMDE)

Dithiobismaleimidoethane

Q0
o
QNS,SNN (DTME)
O
(@]

Noncleavable
Water insoluble

Reacts at pH 6.5-7.5—irreversible

Polyether spacer
Water soluble

Reacts at pH 6.5-7.5
Irreversible
Increased stability
Reduced aggregation

Less immunogenicity

Mid-length
Reacts at pH 6.5-7.5
Reversible cross-link

=]
Oy 0
M s o M
{€)
DPDPB

Q
Qs ~
1 #

(b) /\IrN—lZCH:JJ N\|/\ (=) O /Ao
0

Bis-epoxidy
Bis-jodoacetylamid
derivaty

Cleavage by 15mM sodium periodate

Intermediate length
Water insoluble
Reacts at pH 6.5-7.5
Reversible cross-link
Cleavable by DTT or
2-mercaptoethanol




Homobifunkéni ¢inidla pro aldehydy a ketony jsou hlavné hydrazidy.

Q
”EN“NJ\:I/LN-'“"'E .
Oj\ H' ' Excess H _ PN H N
< N H
H Step1

8]
Activated-hydrazide intermediate

Biomolecule 1

Remove excess cross-linker, then add «
Step 2 Q

Dvou krokova reakce. C))I\H

Biomolecule 2

1 0
¥ s
> N H
0

Bioconjugate with hydrazone linkages

Nejcastéji se pouzivaji karbohydrid a dihydrazid adipové kyseliny (ADH).

)l\ .-"NHE HENH-.

N7 TN N NH,
H

o
Carbohydride Adipic acid dihydrazide (ADH)

=T
4



Populdrni konjugace proteinti (amin() glutaraldehydem

H MH o
Glutaraldehyde ,,;-‘/-'\/_\)l\
NH, {excess) @—N Y

Step 1 Activated=Enzyme

Y

Remove excess glutaraldehyde, then add

‘NHE

@_NWNX Schiffovy baze

Step 2

Dvou-krokova reakce je lepsi

Enzyme-Antibody Bioconjugate



Heterobifunkcni Cinidla

Maji dvé reaktivni skupiny. Nejprve se necha odreagovat ta méné stal3,
pak se odstrani prebytek Cinidla a pak se prfida druhy partner.

Vyhodou je omezeni polymerizaci a intramolekularni modifikace.

Druha reakce

o
leinimid Prvni reakce Vice stald akupina a
Maleinimi L Amine reactive
N—%— Méné stala skupina a
Thiol reactive
E—EH r": NH, -

\ o ]

[j\ -;—SH ! A_[ — ]——{:

0 0
Pyridyldisulfid st ;“ M
-E—SH ™y i NHS-ester,
f;/\lz‘ ¥ = Br | obvykle jde az do reakce s aminem.
o

Halogen-acetyl



Komercéné dostupnd heterobifunkéni Cinidla na bazi maleinimid( a NHS -estert

Chemical Structures, Names, and Abbreviations

Characteristics

0O o
0
N o G N
O o L n
n =1, Me(alpha=malsimidoacetoxy)
succinimide ester {AMAS)

n =2, Nebeta=maleimidopropyloxy)
succinimide ester (BMPS)

n = 3, M(gamma=maleimidobutyryloxy)
succinimide ester {(GMBS)

n=5 Ne=maleimidocaproyloxy)
succinimide ester (EMCS)

OO'r
0 ° Y
O

m=Malgimidobenzoyl-f-
hydraxysuccinimide ester (MBS)

R =50;Ma, n = 0, m-MaleimidobenzoykA-hydroxy
sulfosuccinimide ester (Sulfe-MBS)

R=H n=0,

Succinimidyl 4-{p=maleimidophenyl)
butyrate (SMPD)

R =503Na, n = 3, m-MaleimidobenzoykN-hydroxy
sulfosuccinimide ester (Sulfo=SMPD})

R =H, Succinimidyl 4={Amaleimidomethyl)
cyclohexane-1-carboxylate (SMCC)
R =503Na, Succinimidyl 4-{Acmaleimidomethyl)
cyclohexane-1-carboxylate (Sulfe-SMCC)

— Noncleavable

— Water insoluble

— NHS ester reacts with amines at pH 7-9

— Maleimide reacts with thiols at pH 6.5-7.5

— Low potential to elicit immune response

— Water-soluble Sulfo-GMBS, Sulfo-EMCS are also
available.

— Increased sphere of coupling for EMCS vs. GMBS

MBS:

— Noncleavable

— Water insoluble

— For enzyme immunoconjugates
SMPD:

— Extended chain analog of MBS limits steric effect

— More stable conjugates than SPDP
Sulfo-MES and Sulfo-SMPD:

— Non cleavable

— Water soluble

— Membrane impermeable

SMCC:
— Noncleavable
— Membrane permeable
— NHS ester at pH 7-9
— Maleimide at pH 6.5-7.5
Sulfo-SMCC
— Water soluble, membrane impermeable
Both SMCC and Sulfo-SMCC:
— Unusual extra stability due to cyclohexane ring
— Ideal for enzyme labeling of antibodies




Heterobifunkéni ¢inidla s PEG

0 o n=2 SM(PEG), n=8 SM(PEG)
Q
(a H n=4, SM(PEG n=12, SM(PEG
) N J\L/\ %’\/N i ( Ja { )z
0 o7, YV n=6, SM(PEG); n=24, SM (PEG)s
[#] 0 O

(b)

/‘vov-"\o/‘\./o OR'
RHN
\/\lt!l/

A =H, R'=C{CH3)3, Amino-PEO3-tbutyl ester

R=H, R"=H, Amino-PEO3-acid

R = CO:C(CHy)3, R' = H, N=Boc=Amido=PEQ3=acid
(c)

o]

O o]
0 o OH
&/\)LH/\V o \/\“/ MAL-PEO3-acid
o

U U
(9] O O==N MAL-PEQ3=-NHS
Q H/\\/ “\/\‘D/.\\J/ \/\"/ petor
o] A
- &

Heterobifunkcni ¢inidla na bazi NHS-esteru

a jodo-Ci bromo-acetylu
Q O
.0 8]
N 1 NT Br
o o
Succinimidyl bromoacetate (SBA)

Succinimidyl iodoacetate (SIA)
Mon cleavable and water insoluble Non cleavable and water insoluble
Alfinity labeling of the active site

Preparation of proleinspratein conjugates
of predetermined compaosition (Ref. 236-237) of Staphylococeal nuclease (Ref, 238)

N

8] H o \|/\|

(0] M
&1’ \||/\/ \||/\“f 0 0

A N
[} (o]
(8]
0 (8]

Succinimidyk3-{bromoacetamido)propionate (SBAP) E=H
Crossdink is prone to acid hydrolysis o
Spacer maintains peptide-ike character
Freparation of cyclic peptides and peptide
conjugates (Ref, 239)

Succinimidyl [d=iodoacetyl)
aminobenzoate (SIAB)

R = S04Ma, Sulfosuccinimidy] (4=
indoacetyllaminobenzoate (Sulfo=SIAB)

Non cleavable, water insoluble
Aminobenzoate spacer makes it membrane

Q
o) k/l permeable
" \“/\/\/\N Sulio-SIAB is water soluble
o H Used for enzyme labeling of antibodies
o

0
(Ref. 240-241)
Succinimidyk&-((iodoacetylj-amino)|hexanoate (SIAX)

Water insoluble, membrane permeable
Reactivity similar to SIAB (Ref, 230)

0 “Water insoluble, thiol cleavable, membrans permeabla
=MHS reacts with amine at pH 7-3 to form amide bond
=Pyridyl disulfide reacts with thiols at pH 6.5-7.5

MW= =Protein thiolation and reversible protein=protein conjugation

O o 5 N (Ref. 242-245)
Succinimidyl3=(2-pyridvidithic)propionate (SPDP)

=Attach haptens to carrier proteins for antibody production
=Praparation of immunotoxin conjugates

Priklad thioly Stépitelného bifunkéniho Cinidla



Fotoreaktivni ,,crosslinking” Cinidla

Fotoreaktivni Cinidla jsou obvykle normalné chemicky inertni latky, které se stavaji

reaktivnimi po ozareni UV i VIS svétlem.
Jsou vyuzivana napl. pro mapovani interakci mezi proteiny.

Tato Cinidla jsou velmi ¢asto na bazi arylazidd.

NO e i . .
N ’ L\,,Deaktlvupu” nitro skupina posunuje
L + . . v Vs 7
‘“hL Na g TL, *N*’ri fotoktivaci do delSich vinovych délek
(320-350 nm), méné Skodlivych pro proteiny
Phenyl azide Hydroxyphenyl azide Tetraflunmphenyl azide Mitrophenyl azide
N&
¢ : H
H
NH""FI
/ \Ft Addition reactions

RH C-H insertion
Nﬁra UV liaht N: Fotoaktivni latky jsou velmi reaktivni,
- ig vy Ny P
N —— H nebezpeci vedlejsich reakci
-N R=MNH N . . o
R

Phenyl azide MNitrene intermediate

Reakce arylazidl

Ring expansion M-H insertion

R-MNH, or R-

= SHor R-H
Expanze kruhu N =
Nukleofilni adice

Ketenimine intermediate

X =-NHR, -3R, R



Priklady heterobifunkénich aryl azidovych fotoaktivnich Cinidel s NHS-esterem (na aminy)

AN Q H
X M 0
1.0 0 G
N 0 0 M.
0 MNa0,S Nepg
Sulfosuccinimidyl(d-azidosalcylamidothexanoats
R=H X=0H MNhydroxysuccinmidyl- -
azidosalcylic acid (NHS=ASA) (Sulte-NHS-LC-ASA) s N
A= 50:Ma, X=0H, HNhydoxysulfosuccinimidyld- HO N
azidosalicybc acid (sulfo-NHS-A5a) O H
R=H, X=H, Neydroxysuceinimidybée N 'DT'-"VS‘E“"‘"»—"N
azidobanzoate (HSAB) 0 O (Rel. 261-262)
R =504Ma, ¥=H, HN-hydroxysulfosuccinimidypd= Ma.5 J
azidobenzoale (sulio=HSAB] T Bulivsuccinimidylk2-[t-azidosalicylamido)ethylk,3'-
-Used lor photoallinty labeling studies (Rel, 257-260) dithiopropionate  (gagp)

Fotoreaktivni Cinidla na bazi benzofenonu

HO cm
_ﬁ‘

Fhmareacllue ~—- Photoreactive
Thiol reactive

ol
18
""" O
Thml reactive )I\/ |
M

H
Benzophenone=d=iodoacetamide

Eanznphannna—d—malmmlda =watar insojuble

=water insojubla L
I =study of protein interactions (Ref, 280=281)

=Efficient irraversible protein
cross-inking (Ref, 276-279)



Priklady heterobifunkcnich fotoaktivnich Cinidel na bazi diazirinu

N=N UV iight (355 nm)
[ - G + W=
P P
Ry Rz Ry R
Generic diazirine Carbene

Reaguje napr. s peptidovou vazbou

— H
O 5 MN—=MN o
- £ -
0 N-‘CI- NN
o 0 )

R = H, SDA (water insoluble
( ) R =H, LC=SDA (water insoluble)

— R = 504Na, Sulfo SDA (water-soluble) R = SO,Na, Sulfo LC-SDA (water-soluble)

]} H MN=M
-0 = N
A N \(\/ st M
0] 8]
o

R =H, SDAD (water insoluble, cleavable)
R = 50;Na, Sulfo SDAD (water-soluble, cleavable)



Cross-Linking/Mass Spectrometry
Uncovers Details of Insulin-Like
Growth Factor Interaction With
Insect Insulin Binding Protein Imp-L2

Petr Pompach’, Cristina M. Viola?, Jelena Radosavljevic*, Jingjing Lin?, Jifi Jiracek?,
Andrzej M. Brzozowski? and Irena Selicharova®

" Institute of Microbiology, Czech Academy of Sciences, Prague, Czechia, ? York Structural Biology Labaratory, Department of
Chemistry, The University of York, York, United Kingdom, @ Institute of Organic Chemistry and Biochemistry, Czech Academy
of Sciences, Prague, Czechia

Structural details of changes accompanying interaction between insulin-related
hormones and their binding partners are often enigmatic. Here, cross-linking/mass
spectrometry could complement structural techniques and reveal details of these protein-
protein interfaces. We used such approach to clarify missing structural description of the
interface in human insulin-like growth factor (IGF-1): Drosophila melanogaster imaginal
morphogenesis protein-late 2 protein (Imp-L2) complex which we studied previously
by X-ray crystallography. We crosslinked these proteins by heterobifunctional cross-
linker sulfosuccinimidyl 4,4'-azidopentanoate (Sulfo-SDA) for the subsequent mass
spectrometry (MS) analysis. The MS analysis revealed |IGF-1:Imp-L2 interactions which
were not resolved in the crystal structure of this assembly, and they converged with X-ray
results, indicating the importance of the IGF-1 N-terminus interaction with the C-terminal
(185-242) part of the Imp-L2 for stability of this complex. Here, we also showed the
advantage and reliability of MS approach in solving details of protein-protein interactions
that are too flexible for solid state structural methods.



Krystalovad struktura

Aminokyseliny 22-42 z IGF-1

nebyly v komplexu viditelné :




1 5 10 15 20 25 30 35 40 45 1] 55 60 65 70

I || | | I
IGF-1 G PETLCGAELVDALQFVCGDRGFYFNI(PTGYGSSSRRAPQTGIVDECCFRSCDLRIRLEMYCAPLKPAI(SA

Des(63-70)-IGF1 GG PETLCGAELVDALQFVCGDRlGFYFNKPTGYGSSSFﬁRlAPQTGIVDECCFRISCDLIﬁRILEMYCA
-4 > -4 L o i
N-terminal peptide B-C peptide A-D peptide

FIGURE 2 | Amino-acid sequences of IGF-1 (top) and des(63-70)-IGF-1 (bottom). IGF-1 domains are highlighted by background colors (B domain yellow, A domain
blue, C domain gray and D domain violst). Trypsin cleavage sites and expected peptides are shown. Peptides containing amino acid residuss with primary amines
(red) susceptible to succinimide reaction are named N-terminal, B-C and A-D.

. .0
cervené lysiny K byly oznaceny pomoci Sulfo-SDA Na O ’OT\/\)(C
N Hs

byl znovu pfipraven komplex s vazebnym proteinem O=S
pak se posvitilo pri 365 nm O o O
produkty analyzovany pomoci SDS-Elfo a WB

produkt vystrizen z gelu, stépen trypsinem, analyzovan MS

Western blot Comassie stain kDa ot S o R
250 : (.e-!
160 i
100
Beuett P | 75
‘| 50
crosslinked
product 37
Imp-L2—
125
20
15 Crosslinked peptide (IGF-1)~(Imp-L2) Exp. mass Thr. mass Error StavroX score
(1, 21)-{178, 188) 3,719.7681 3719.7680 —0.04 79
|GE-1 — . (1, 21211, 218) 3430.5381 34305388 —0.2 24
des(63-70)-IGF-1 —» - 10 {1, 21)-(142, 150) 3405.6567 34056566 +0.03 61
(22, 362, 24) 4307.8859 4307 .9851 +0.18 4




Nové objevené oblasti v Impl-2, které reaguiji s IGF-1

1 10 20 30 40 50 60
RAVDLVDDSNDVDNS IEAEEEKPRNRAFEADWLKETKTPPTKLOQADGAT IEIVCEMMGS
70 80 a0 100 110 120

OQVPSIOWVVGHLPRSELDDLDSNOQVAEEAPSAIVRVRSSHIIDHVLSEARTYTCVGRTGS
130 140 150 160 170 180
KTIYASTVVHPPRSSRLTPEKTYPGAQKPRITIYTEKTHLDLMGSNIQLPCRVHARPRAET

190 200 210 * % 220 230 * k% *240
TWLNNENKEIVQGHRHRVLANGDLLISEIKWEDMGNYKCTIARNVVGKEDTADTFVYPVLNEED

Modelovani nové objevenych interakci

/ imp-L2
g 1g-CT domain

Glu186




Bio-ortogonalni reakce

Takové reakce, které selektivné probihaji v Zivych systémech
bez toho, aby interferovaly s biologickymi procesy.

0, 3 H,0

Obvykle je do biologického objektu nejprve vnesena specificka skupina X,
ktera pak selektivné reaguje s jinou specifickou skupinou Y.

(b) }( 5:3
- X Y—X X

Cell - Cell x| — Cell <%



Staudingerova ligace

1919, Staudinger a Meyer objevili Staudingerovu reakci, vlastné redukci azidu na amin fosfinem

R—N. + Pf—PrI]:*‘h {H N %Ph} _...HEO _ O=
—N, : —N— R—NH, + —PPh
\ ﬁ 2 3
Ph N,

oxide



V roce 2000 Carolyn A. Bertozzi modifikovala Staudingerovu reakci tak, ze je ligaci
tzv. ,Traceless” bio-orthogonal Staudinger ligation

Azidy ani fosfiny se v pfirodé nevyskytuji, musi se ale do biomolekul tedy zavést

Transferable acyl group

(peptides, proteins, fatty acids,
Cleavable fluorophores, biotin, etc.) f

linker X 0 XH
H,0 HN” SO
= -
_ ® @ o) traceless, tzn.
Ph‘“‘“F{ NEN_N-_[E- N th‘..-F{;‘ E fosfin tam neni
Ph (proteins, peptides, lipids) Ph

Stabilized phosphine

f ™

X~ %
A o

Q - X«
: R R | 12
P\ Ph‘}e‘ \F‘h

e\ AN
PhH* PhH Ph
Ph Ph Ph

1. redukce azidu na amin a 2. nukleofilni atak (thio)esteru



Aplikace Staudingerovy ligace (modifikace povrchi)

RNase A —Nj

Protein o
o O O O immobilization O*P 0
— > -
g‘m §\(\ \§\(\ g\c\ by py Ph NH
S S S S Staudinger 57
[ — N —— [ ligation
Au (s) Au (s) Au (s) Phosphane-modified Immobilized ras

glass slides

Nevyhodou je zna¢na pomalost reakce a tendence fosfinli oxidovat se.

Ale jak dostat do proteinu azidoskupinu?



Expandovany geneticky koéd
Tato metoda umozZiuje vnaset nekddované aminokyseliny do proteinli béhem normalni rekombinantni pfipravy.
Schultz, Peter. G. (2001). "Expanding the Genetic Code of Escherichia coli". Science 292 (5516): 498-500.

»To this end, we have developed a methodology that
Natural Unnatural allows one to genetically encode novel amino acids,

i o ai? amy aig beyond the common twenty, in both prokaryotic and

© "\ eukaryotic organisms. This methodology involves the

G ‘V.tEF?SXgenous ATt ‘ t(;ﬂNh;gonal generation a unique codon-tRNA pair and

Endogenous/““' _ Onhogona{ﬁﬂ”" corresponding aminoacyl-tRNA synthetase. Specifically,

synthetase synthetase an orthogonal tRNA is constructed that is not a
AMP + PPi AMP + PPi .

substrate for any natural aminoacyl synthetases and

I ~ which inserts its cognate amino acid into the growing

ONTR B<'? polypeptide chain in response to a nonsense or

SR _ o "NA frameshift codon. A cognate synthetase is then

X generated which recognizes this unique tRNA and no

T”’”Slaﬂor‘l g;‘gl“ne other; the substrate specificity of this synthetase is

then evolved to recognize a desired "twenty first"

amino acid, and no endogenous amino acid. We have
shown that this methodology can be used to efficiently
incorporate a large number of unnatural amino acids
into proteins in E. coli, yeast and mammalian cells with
fidelity and efficiency rivaling that of the common 20
amino acids.”

http://schultz.scripps.edu/main.php

Anebo syntéza na pevné fazi s Fmoc-azidoaminokyselinou

N3



Click chemie
(Copper(l)-catalyzed Azide-Alkyne Cycloaddition, CUAAC)

Jeji princip je zaloZen na tzv. Huisgenové 1,3-dipolarni cykloadici,
ktera ovSem probiha pomalu a neni regioselektivni

8 ®_ [3 + 2] N N
R—N—=N=N " cycloaddition RN SN

+ -
High temperature ):< ):<
R,—=—=-~R; B -

hours-days 2 Rs

+
pa
A
/
p
\
=

Ry, Ry, Ry = alkyl, aryl

V roce 2002, Meldal a Sharpless nezavisle objevili, Ze reakce mezi azidy a terminalnimi alkyny
je aZz 106 x urychlena pfitomnosti Cu(1*)

1,4-disubstituované

N D\N’N“*N [1,2,3]-triazoly

= ) [Cu (1] o

O neat or solvent

Tato dnes extrémné populdrni reakce probiha dobre takrka ve vSech prostredich.

[

]
-

i

¥
—N




Karl Barry Sharples
Nositel Nobelovy ceny za chemii za rok 2001.
ObdrZel ji za objev oxidacnich reakci vytvarejicich asymetrické chiralni aminokyseliny (DOPA).

A Stepwise Huisgen Cycloaddition Process:
Copper@®-Catalyzed Regioselective “Ligation”
of Azides and Terminal Alkynes**

Vsevolod V. Rostovtsev, Luke G. Green,
Valery V. Fokin,* and K. Barry Sharpless*

Angew. Chem. Int. Ed. 2002, 41, No. 14, 2596

Morten P. Meldal (born 1954 in Denmark) is a Danish chemist.

J. Org. Chem. 2002, 67, 3057-3064

Peptidotriazoles on Solid Phase: [1,2,3]-Triazoles by Regiospecific
Copper(I)-Catalyzed 1,3-Dipolar Cycloadditions of Terminal
Alkynes to Azides

Christian W. Tornee, Caspar Christensen, and Morten Meldal®

Peprides: The Wave of the Future
Michal Lebl and Richard A. Houghten (Editors)
American Pepiide Sociery, 2001
Peptidotriazoles: Copper(I)-Catalyzed 1,3-Dipolar Cycloadditions _
on Solid-Phase

Christian W. Tornge and Morten Meldal

Center for Solid Phase Organic Combinatorial Chemistry, Department of Chemistry,
Carlsherg Laboratory, DK-2500 Valby, Denmark



Exce|entn|, review Chem. Rev. 2008, 108, 2952-3015
Cu-Catalyzed Azide—Alkyne Cycloaddition

Morten Meldal*T and Christian Wenzel Tomeet

Carlsberg Laboratory, Gamie Carisberg Vej 10, DK-2500 Valby, Denmark, and H. Lundbeck A’S, Oftiiavej 9, DK-2500 Valby, Denmark

=N
N=""\ g ——
('*\\(N_RZ T o
R Ci —e ] (Cu®
H R!'—=——H
Stejna Mr jako H* H*

reaktanty

NsN\ Predpokladany mechanismus (Culb
N —_— R2 Direct Evidence of a Dinuclear Copper Intermediate in Cu(l)-Catalyzed !
Azide-Alkyne Cycloadditions

R1 = gbéhﬁoafg.itsa?i(zms); =——[Cu]?
[Cu]
. ¥
N-N_ N-Ne
cul W) N\ NI—R2
>_(</[Cu] 3 ..\ [CuP
1 A
R (Cu] RI—=—=—[Cu]?

Meéd” se teoreticky recykluje (ale snadno oxiduje se na Cu?*). Zastava zachovan stejny pocet atomd.
Jen terminalni alkyny.



Latky urychlujici CuAAC

THPTA BTTES BTTAA TBTA

Koordinuji a stabilizuji Cul" a pry tak urychluji reakce



Click chemie bez médi
(Copper-free click chemistry)

CAROLYN BERTOZZI,
PROF. OF CHEMISTRY,
STANFORD UNIVERSITY

Meéd’ je toxicka a snadno se chelatuje na peptidy.
Carolyne A. Bertozzi vyvinula alternativni click reakci bez katalyzy médi (2010).

"Click" N
reaction Y
+ Regioisomer

o [ ) e
Azide-labeled d
biomolecule

Cyclooctyne labeled probe

Reakce je ale pomalejsi nez pri katalyze meédi.



Nové cyklooktyny pro urychleni click reakce bez médi

COOH

r L e O

(1yocT (2) ALD (3) MOFO
( k=0.0024 M5, Ref. 370) {k=0.0013 M5, Ref. 376) ( k = 0.0043 M5, Ref. 376)

HO
% (5) DIBO

HOOC .
(4) DIFO { k=0.057 MS™, Ref. 377, 383)

( k= 0,076 Ms™, Ref, 374}

o}
“N OH
(6) BARAC

(k=0.98 M's Ref, 378)

Q
Meo\é
QC 0 A
. Ho o84 HDOOH
Q

o ( k = 0076 M's™, Ref. 380) (9) DIMAC
(7) DIBAC (ADIBO) COOH { k=0.0030 M's™', Ref, 381)

(k=0.31M's" Rel 379)

O e S o

F‘
(12)

{10) TMDIBO {11) keto-DIBO
{k=0.094 M's™!, Rel.382) { k = 0.26 M-'s™, Ref, 383) )\ (Ref. 384)






Bio-ortogondini reakce prostrednictvim alkend

Diels-Adlerova cykloadice, [4+2]cykloadice

/ EWG Normal electron-demand EWG
EDG— + | = EDG-I_
K

Diels—Alder reaction '
EDG je ,electron-donating group”

EWG je ,elekctron withdrawing” group
/ EDG  |nverse electron-demand EDG
EWG— + m

- EWG—I—l
K\ Diels=Alder reaction

Click chemistry C: Biotin
H H
- E P N (2] N [
oL ¢ ] U‘RN o D(N S
H H H
o O O
NH NH NH

£y
CuS0,5H,0, TECP, N’\) N’}
Tris(triazolyljamine
PBS-tfert-BUOH, 4°C

(=]
— A
o]
s
Q
o
e~
Q

NH 2NH H H NH H
_o_ii_o_ Sim O =0 =S OeSi= D —0-\;—0—; 0
o) ) o] o) 4] )
—§i—0=5i— 7 —gi—0=Gi— 7/ =G0 =Gi= ]
L — S L ] 1 i J

Maleimide-derived glass slide Alkyene PEG-derived glass slide Biotin PEG-derived glass slide



Cykloadice pomoci tetrazin( Tetrazine Ligation: Fast Bioconjugation Based on Inverse-Electron-Demand
. P Diels—Alder Reactivity
,Inverse electron demand Diels-Alder

Melissa L. Blackman, Maksim Royzen, and Joseph M. Fox*

J. AM. CHEM. SOC. 2008, 730, 13518-13519

I 2-pyr 2-pyr
N in protic
H N™ so?venfs HN X
' N
M

5x107°%M 2-pyr o 2-pyr
N » 100% conv after 40 min at 25 °C at 5x1t}“5r'u"l
~ I |+~ quantiative yield with ;2000 M~'s~" velmi rychlé
» successful reactivity in organic solvents,
5 o 11D|fﬁ M water, cell media or cell lysate

» N is the only byproduct

(b) | N
Cycloaddition
N _~ o ’ ‘click’
JQ1-TCO (2)
. rﬁ \I‘l\l i. [4+2] cycloaddition
N._ =N > + isomers
ii. Loss of N2 Tz-Thalidomide (1) imity
0 L
&) Z T~y iii. Isomerization
\ | H degradation
In cell y
HN
~o

7ve

konjugace zapricinila degradaci BRD4




Konjugace pomoci diazoniovych soli
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Prehled bio-ortogonalnich ,,click” reakci pouzivanych v peptidové chemii

“Click” reactions: a versatile toolbox for the
synthesis of peptide-conjugates

Cite this: Chem. Soc. Rev., 2014,

4. 7013 Wen Tang® and Matthew L. Becker*®®
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R-5H invalved click reactions

PokraCovani prehledu ,click” reakci
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Pokracovani prehledu ,,click” reakci

M-terminal cysieine involved click reactions
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Prehled ,click” reakci mezi obvykle pouzivanymi funkénimi skupinami
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' Unless otherwise mentioned, the reaction condition is able to proceed in physiological condition. The required catalyst or light irradiation is
wted before reaction type. ” The abbreviation for reactions are as following: Cu-catalyzed azide-alkyl cycloaddition (CuAAC), string-promoted
zide-alkyl cycloaddition (SPAAC), Diels-Alder (DA) reaction, and inverse-electron-demand Diels-Alder (IEDA) reaction.



Nekovalentni biokonjugace

Nekovalentni interakce: elektrostatické (iontové, vodikové, vazby halogen(), van der Waalsovy,

I1-vazby, hydrofobni.

Nekovalentni vazby jsou relativné slabé (cca 0-60 KJ/mol), ale zase jich byva hodné a

mUZe se pomoci nich obejit obtiznd chemie.

O Non Covalent

-
Bioconjugation




Systém biotin-(strept)avidin

Avidin je tetramerni bazicky glykoprotein (64 kDa)
z bilku ptakt o pl 10. Vyborné rozpustny ve vodé
a stabilni v Sirokém rozmezi pH a teploty.

Streptavidin je glykoprotein (53 kDa)
ze Streptomyces avidinii o pl 5 a je méné rozpustny.

Pierce prodava rekombinantni deglykosylovany Neutravidin o pl 7,
ktery nevaze lektiny.

Avidiny maji extrémné vysokou afinitu vici biotinu (vitamin B7 ¢i H),
K, okolo 101>-1013 ML,



Interakce avidin-biotin se stala populdrni metodou pro imobilizaci proteinl na rizné povrchy.
Je k dispozici fada komeréné dostupnych povrch(i potazenych avidinem.

Je ale nutno oznadit biotinem protein, ktery ma byt imobilizovan.

Pomoci biotin ligdzy (BirA) z E. coli, ktera znadi lysiny
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Systém zprostredkovany konjugaci pomoci kovovych iont(

Organometallic—Peptide Bioconjugates: Synthetic Strategies and
Medicinal Applications
Bauke Albada®" and Nils Metzler-Nolte**

DOL: 10,1021 /acs.chemrev.6b00166
Chem. Rev. 2016, 116, 1179711839
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His-tag je polyhistidinova sekvence slouzici k afinitni purifikaci rekombinantnich protein(



Hryy
IR

NH
Fluorophare

NH

px

Affinity anchor

HPMA copolymer backbone
/?‘
=
HH
-

Cc ATTO488

f’?,)’g{\
-

>

Targeting ligand

iBodies: Modular Synthetic Antibody Mimetics Based on Hydrophilic
Polymers Decorated with Functional Moieties

Pavel Sicha®, Tomas Knedlik®, Jifi Schimer, Jan Tvkvart, Jan Parolek, Viclav Navritil,

Petra Dvordkovd, Frantisek Sedldk, Karel Ulbrich, Jifi Sirohalm, Pavel Majer, Viadimir Subr,*
and Jan Konvalinka®
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L Ni%*, obdoba afinitni chromatografie
na Ni-koloné, konjugace pomoci kovd,
specificky se to vaze na proteiny s His-tagem

Figure 1. Structures of the iBod
a) HPMA copolymer decorated
affinity anchor biotin. c) ATTO4

ies and their functional modules.
with functional molecules. b) The
88 fluorophore. d) GCPII inhibitor.

e) HIV-1 protease inhibitor. f) A class-specific inhibitor of aspartic
proteases. g) A nitrilotriacetic acid (NTA)-based ligand for binding the

His-tag.
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Potalitsyn et al. A radioligand binding assay for the insulin-like growth factor 2 receptor. PLoS ONE 2020
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